Abstract The atomic-level structural properties of proteins, such as bond lengths, bond angles, and torsion angles, have been well studied and understood based on either chemistry knowledge or statistical analysis. Similar properties on the residue-level, such as the distances between two residues and the angles formed by short sequences of residues, can be equally important for structural analysis and modeling, but these have not been examined and documented on a similar scale. While these properties are difficult to measure experimentally, they can be statistically estimated in meaningful ways based on their distributions in known proteins structures. Residue-level structural properties including various types of residue distances and angles are estimated statistically. A software package is built to provide direct access to the statistical data for the properties including some important correlations not previously investigated. The distributions of residue distances and angles may vary with varying sequences, but in most cases, are concentrated in some high probability ranges, corresponding to their frequent occurrences in either a-helices or b-sheets. Strong correlations among neighboring residue angles, similar to those between neighboring torsion angles at the atomic-level, are revealed based on their statistical measures. Residue-level statistical potentials can be defined using the statistical distributions and correlations of the residue distances and angles. Ramachandran-like plots for strongly correlated residue angles are plotted and analyzed. Their applications to structural evaluation and refinement are demonstrated. With the increase in both number and quality of known protein structures, many structural properties can be derived from sets of protein structures by statistical analysis and data mining, and these can even be used as a supplement to the experimental data for structure determinations. Indeed, the statistical measures on various types of residue distances and angles provide more systematic and quantitative assessments on these properties, which can otherwise be estimated only individually and qualitatively. Their distributions and correlations in known protein structures show their importance for providing insights into how proteins may fold naturally to various residue-level structures.
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Background
The detailed atomic-level structural properties of proteins, such as bond lengths, bond angles, and torsion angles, have been well studied and understood based on either chemistry knowledge or statistical analysis of sets of structures [1, 2] . For example, we have learned that the bond lengths and bond angles are relatively fixed for most types of bonds, and the torsion angles rather than being continuously populated have distinct preferences. The knowledge of these properties has been crucial for both theoretical and experimental approaches to protein modeling. Potential functions have been defined for bond lengths, bond angles, and torsion angles using their known or preferred values [3] . Energetically favourable structures can be obtained when these potentials along with other non-bond potentials are combined and minimized [4] . In either NMR or X-ray crystallography, these properties have been used to refine an initial experimental model, which may otherwise have little atomic detail. In particular, in NMR, the experimental NOE data is mainly for hydrogen-hydrogen interactions, which is insufficient for fully determining a structure without utilizing other data on bond lengths and bond angles [5] . The correlations among these properties have been an important source of information as well. For example, statistical analysis showed that the u-w torsion angles around the two bonds connecting to the Ca atom in the backbones of the residues have a special correlation: When the u angle is chosen for some value, the w angle has only a restricted range of choice, and vice versa. The information about this correlation has been employed in both experimental determination and theoretical prediction of protein structures [6, 7] . The statistical distribution of the u-w angles in known proteins has been depicted in a two-dimensional graph called the Ramachandran Plot (Fig. 1 ) named after the biophysicist Ramachandran who first did such a statistical survey of structures [8] . The Ramachandran Plot has been widely used for structure evaluation. By evaluating the u-w angles for all residues in a given protein structure and putting them onto the Ramachandran Plot, one can tell whether or not the structure is well formed based on how many of the u-w angle pairs are in the usually dense regions of the Plot.
Structural properties similar to those described above can also be found at the residue-level such as the distances between two neighboring residues; the angles formed by three residues in sequence; and the torsion angles of four residues in sequence. Proteins are often modelled in a reduced form, with residues considered as basic units. The residue distances and angles then become crucial for the description of the model, and they can be as important as those at the atomic-level for structural determination, prediction, and evaluation. The knowledge on these distances and angles can also be used to define residue-level potential functions so that potential energy minimization and dynamics simulation can be performed more effectively and efficiently at the residue instead of atomic-level, because the number of variables is substantially reduced and the time step may be increased [9, 10] . However, the residue distances and angles have not been examined and documented in similar detail as those at the atomic-level. The reason is that they are not easy to measure directly; the physics for the interactions between residues is not as clear; and they are not as rigid as the bond lengths and bond angles, i.e., their values are likely to vary over a wide range.
While residue distances and angles are difficult to measure experimentally, they can nonetheless be estimated statistically, based on their distributions in sets of known protein structures. Such approaches have been used for Fig. 1 Ramachandran plot. The density distribution of u-w torsion angle pairs are plotted in a 2D plane. The correlation between the angle pairs is revealed in different density regions of the plot, with high correlations corresponding to high-density regions. The torsion angles u, w, x for a residue are indicated in (a). A sample Ramachandran Plot is displayed in (b) extracting residue contact statistics starting in early 1980s [11] ; for developing residue-level distance-based meanforce potentials [12] ; for refining X-ray crystallography determined structures [13, 14] ; and for deriving distance and angle constraints and potentials for NMR structure refinement [15] [16] [17] [18] . Several online databases have also been built for direct access to the statistical data on various types of distances or angles [19, 20] . In the present work, we download a large number of high-resolution X-ray structures from PDB Data Bank [21] , and collect and analyze several important residue-level structural properties including the distances between two neighboring residues; the angles formed by three residues in sequence; and the torsion angles of four residues in sequence. We call these, respectively, the residue-level virtual bond lengths, virtual bond angles, and virtual torsion angles. We examine the statistical distributions of these virtual bonds and virtual angles in known protein structures. In a four-residue sequence, there are two virtual bond angles and one virtual torsion angle. We name them, according to their order in the sequence, the a-angle, s-angle, and b-angle, where s is the torsion angle (Fig. 2) . In a five-residue sequence, there are three virtual bond angles and two virtual torsion angles. We name them, according to their order in the sequence, the a-angle, s 1 -angle, b-angle, s 2 -angle, c-angle, where s 1 and s 2 are the torsion angles (Fig. 2) . For these sequences, we investigate the correlations among some of associated angles and in particular, the a-s-b correlations for fourresidue sequences and s 1 -b-s 2 correlations for five-residue sequences. We show that the distributions of the residue distances and angles may vary with varying residue sequences, but in most cases, are concentrated in some high probability ranges, corresponding to their frequent occurrences in either a-helices or b-sheets in proteins. We show that between a and s angles and s and b angles, there exist strong correlations, which suggests that proteins follow certain rules to form their residue-level angles as well, just like those for their atomic-level u-w angles. To the authors' knowledge, these properties have not been reported and documented in their details previously. We have developed a software package in R called PRESS (see descriptions in ''Additional Files'') to provide direct access to the statistical data on the residue distances and angles we have collected and analyzed. The distributions and correlations of the given types of residue distances or angles can all be retrieved and displayed using this software. We show how these outcomes can be used to define various types of residue-level statistical potentials and plot residuelevel Ramachandran-like plots. We demonstrate how they can be applied for example in structural evaluation and refinement.
With the increase in both the number and the quality of new protein structures, many structural properties can be derived from known protein structures by statistical analysis and data mining, and be used as a supplement to the experimental data for studies on structures. Indeed, the statistical measures on various types of residue distances and angles provide systematic and quantitative assessments of these properties, which can otherwise be estimated only individually and qualitatively. Their distributions and correlations in known protein structures reflect important aspects of protein structures, and offer insights into how proteins fold naturally into various residue-level structures.
Results

Distributions of residue distances
The residue-level virtual bond lengths or in other words, the residue-level, so-called 1-2-distances, for all the neighboring residue pairs in the downloaded protein structures are computed and accumulated. This data comprises the distribution of the virtual bond lengths over a range of distances (Fig. 3) . The distributions of virtual bond lengths for specific residue pairs are also calculated and can be accessed through our R-package PRESS (see Additional Files).
The collected virtual bond lengths range from 2.73 to 4.26 Å , after removing a few large outliers (Table 1) , but the average length is 3.80 Å with a standard deviation equal to 0.05 Å . This average length remains about the same for the residue pairs in a-helices or b-sheets, as shown in Fig. 4 , where the number of distances between residue pairs in a-helices or b-sheets in each distance bin is plotted, and the two distributions are nearly the same as the general one in Fig. 3 .
There is also a large number of short distances in the region from 2.7 to 3.6 Å , which are invisible in Figs. 3 and 4 because these are still relatively few compared to those greater than 3.6 Å . However, when we look on a finer scale, we can see that they are concentrated around 2.9 Å , forming another second peak in the distribution graphs (Figs. 5, 6 ). The reason for the two peaks is that the four atoms Ca, C, N, Ca are always nearly planar but can exist in two forms: (1) the dominant trans structures with the distance between the two Ca atoms equal to 3.8 Å approximately and (2) a few cis structures with the Ca-Ca distance around 2.9 Å . To verify this, we have calculated the x-angles of the residue pairs with distance \3.1 and [3.1 Å separately. The distributions of these angles (in Fig. 7) show that the angles corresponding to residue distances \3.1 Å are concentrated around 0°, while those corresponding to residue distances[3.1 Å are around 180°, which justifies our conjecture. However, it seems that the number of residue pairs with short residue distances (\3.1 Å ) is quite small in a-helices or b-sheets (see Fig. 6 ). In fact, based on our calculated x-angle values, there seem to be only a small number of residue pairs in a-helices or b-sheets having cis peptide bond structures, with only 5 in a-helices and 23 in b-sheets.
Note that the distributions of the virtual bond lengths for specific pairs of residues can also be calculated and analyzed in the same way as above. They can be accessed through our R-package PRESS (see Additional Files). For example, among all types of residue pairs, the GLY-PRO pair has the smallest average distance, which is around 3.72 Å with standard deviation equal to 0.26 Å (because of the greater number of occurrences of cis peptide bonds). The distances for residue pairs with PRO as the second residue have a mean value smaller than 3.80 Å with standard deviations ranging from 0.15 to 0.30 Å , which is about 3-6 times the standard deviation of the distances between general residue pairs. Interestingly, the distances formed by the residue pairs with PRO as the first residue do not have so much variation, providing an example where the distribution of the distances for a specific residue pair is not symmetric. This points up the much greater likelihood of the cis peptide bond immediately preceding PRO residues-a well-known fact.
Distributions of residue angles
The residue-level virtual bond angles for all the three-residue sequences from the downloaded protein structures are computed and accumulated. The distribution of the virtual bond angles is shown in Fig. 8 . The distributions of virtual bond angles for specific residue triplets have also been calculated and can be accessed through our R-package PRESS (see ''Additional Files''). The collected virtual bond angles range from 51.3°to 177.0°as shown in Fig. 8 , and have a distinct distribution when plotted separately for a-helices or b-sheets (Fig. 9) . The sequential triplets in a-helices have an average virtual bond angle around 92.7°w ith a standard deviation of 5.37°, while those in b-sheets are somewhat more variable (standard deviation of 12.63°) with an average angle around 123.1°. Shown in Fig. 10 are the density plots for the virtual bond angles in a-helices, b-sheets, random coils in one graph. We see that the plots for the angles in a-helices and b-sheets form two large peaks. It further shows that the two large peaks in the general distribution plot in Fig. 8 are the sum of the angles in a-helices and b-sheets, respectively, which are due to the high frequency occurrences of the residue sequences in these two types of secondary structures in proteins. It is interesting to note, however, that the angles in other cases (random coils) seem to be distributed mostly in the same two large frequency peaks as well.
The residue-level 1-3-distance and the corresponding virtual bond angle for a three-residue sequence should agree with the cosine law: Let (R i , R i?1 , R i?2 ) be a sequence of three residues located at positions x i , x i?1 ,
, where a is the virtual bond angle of the sequence. However, if we treat the virtual bond lengths ||u|| and ||v|| as random variables, the correlation between the residue-level 1-3-distance and the corresponding virtual bond angle may not be identifiable clearly. Indeed, the correlations form two clearly separated curves as shown in Fig. 11 , i.e., with a fixed distance, there may be two values of angles, and vice versa. The reason for this is that one of the virtual bonds in the residue triplets may form cis or trans structures with distinct bond lengths, resulting in different correlations between the residue-level 1-3-distance and the virtual bond angle. Indeed, when we examine all the distance-angle pairs in Fig. 11 and put a red point for each occurrence of a cis structure, we have found these points in the upper-left strip and the rest for trans structures in the right-most strip. Interestingly enough, for the trans cases there is a greater variability-generally the same angle value can be found for a wider range of distances or the same distance can be observed for a wider range of angles.
Distributions of residue torsion angles
The residue-level virtual torsion angles for all four-residue sequences in the downloaded protein structures are computed and accumulated. The distribution of the virtual torsion angle over a large angle range is shown (Fig. 12 ).
The distributions of virtual torsion angles for specific quadruplet of residues are also calculated and can be accessed through our R-package PRESS (see ''Additional Files''). The collected virtual torsion angles have a range from 0°to 360°. The mean value is 137.6°with a standard deviation of 90.26°. Two high frequency peaks are observed: one around 55.9°corresponding to the residues in a-helices, and another around 195.2°corresponding to those in b-sheets. The peak for the virtual torsion angles formed by residues in a-helices exhibit less variability. If the distributions of virtual torsion angles are plotted for their occurrences in a-helices and b-sheets separately, there is then a single peak in each graph ( Fig. 13) . Each of these peaks corresponds to one of the two peaks seen in Fig. 12 , suggesting that the two peaks in Fig. 12 are basically high frequency virtual torsion angles for the a-helices and b-sheets, respectively. The first peak occurs around 55.9°, which implies that the virtual torsion angles in a-helices are Figure 14 shows the density plots for the virtual torsion angles in a-helices, b-sheets, or other random coils in one graph. We see that the plots for the angles in a-helices and b-sheets form two large peaks. It further shows that the two large peaks in the general distribution plot in Fig. 12 should mainly be formed by the angles in a-helices and b-sheets, respectively, which correspond to the high frequency occurrences of the residue sequences in these two types of secondary structures in proteins. It is interesting to note though that the angles in other random coils seem to be distributed mostly in the two large frequency peaks as well, but unlike the virtual bond angles there are significant numbers of cases at intermediate values and even outside the a-helix and b-sheet peaks. Let (R i , R i?1 , R i?2 , R i?3 ) be a sequence of four residues located at positions x i , x i?1 , x i?2 , x i?3 in R 3 . Let u = x i?1 -x i , v = x i?2 -x i?1 , w = x i?3 -x i?2 . Then, the residue-level 1-4-distance for this sequence is d i,i?3 = ||u ? v ? w|| = sqrt (||u|| ? ||v|| ? ||w|| -2||u||Á||v||Ácosa -2 ||v||Á||w||Ácosb -2||u||Á||w||Ácosh), where cosh = sinaÁsinbÁ coss-cosaÁcosb, and a, b, s are virtual bond and torsion angles of this sequence. However, since the virtual bond lengths ||u||, ||v||, ||w||, and bond angles a, b are all random variables now, the correlation between the residue-level 1-4-distance and the corresponding virtual torsion angle may not be so clearly identifiable. Indeed, as shown in Fig. 15 , one virtual torsion angle may correspond to multiple residue-level 1-4-distances, and vice versa. However, from 0°to 180°, the angle-distance pairs tend to concentrate from lower left to upper right, roughly forming a positive correlation between the residue 1-4-distances and their corresponding virtual torsion angles. From 180°to 360°, the pairs concentrate from upper left to lower right, forming a decreasing strip of dots. In either case, the residue 1-4-distances seems to be roughly correlated with their virtual torsion angles as shown by the above formula.
Angle-angle correlations
The residue-level angle-angle correlations or, in other words, the correlations among the residue-level virtual Fig. 10 Distributions of virtual bond angle in different secondary structures. The densities of the virtual bond angles for the residue triplets in a-helices, b-sheets, and other random coils are plotted in one graph, with different colours. The density in a-helices is the highest, followed by that in b-sheets Fig. 11 Correlation of residue-level 1-3-distance and virtual bond angle. The residue-level 1-3-distances and the corresponding virtual bond angles are plotted as dots in a distance-angle plane. The red dots represent the distance-angle pairs with the corresponding residue triplets having a cis structure around one of their virtual bonds there are high 50, 75, and 90% density regions, named Most Favoured, Favoured, and Allowed regions, respectively. The plots show that there are distinct density distribution regions for a-s and s-b angle pairs. That means that these angle pairs are highly dependent of each other in well-formed protein structures or in other words, if one angle in a-s or s-b angle pair is fixed, the choice for the other is restricted. These correlations are certainly important structural properties of proteins, but have not been investigated thoroughly. However, for a-b and s 1 -s 2 angle pairs, the correlations are not so strong: One angle does not impose as strong a restriction on the possible choices for the other. The scattered dots for the angle pairs from 10 sampled structures further confirm the correlations of the angle pairs reflected in the general estimations, i.e., the distributions of the angle pairs in these structures (represented by the dots) agree with those in all the downloaded structures (represented by the background contours). We have also used two differently coloured dots for the angle pairs in a-helices and b-sheets, respectively. Fig. 13 Distributions of virtual torsion angle in a-helices and b-sheets. The number of angles for the residue quadruplets in a-helices or b-sheets in each angle bin is plotted. There are only single large peaks in both cases. Note that a residue quadruplet is counted as in a-helices or b-sheets if the first and third residues are in a-helices or b-sheets Fig. 14 Distributions of virtual torsion angle in different secondary structures. The densities of the virtual torsion angles for the residue quadruplets in a-helices, b-sheets, and other random coils are plotted in one graph, with different colours. The density in a-helices is the highest, followed by that for b-sheets Fig. 15 Correlation of residue-level 1-4-distance and virtual torsion angle. The residue-level 1-4-distances and the corresponding virtual torsion angles are plotted as dots in a distance-angle plane. The blue dots represent the distance-angle pairs with the corresponding residue quadruplets in b-sheets while the red dots in a-helices Fig. 16 Contour of density distribution of a-s angle pairs. The contour of the density distribution of the a-s angle pairs is plotted. The plot is divided into three regions named as most favoured, favoured, and allowed, each containing high 50, 75, and 90% of all a-s angle pairs. In addition, the a-s angle pairs sampled from 10 arbitrarily selected proteins are plotted as points. The red triangles represent the a-s angle-pairs in a-helices, the blue squares in b-sheets, and the black dots in other type of secondary structures Then, the differently coloured dots are distributed in different high-density regions. The following are more specific explanations of the plots. The contour of the density distribution of a-s angle pairs is plotted in Fig. 16 . The contour is displayed in three types of regions named as Most Favoured, Favoured, and Allowed, each containing high 50, 75, 90% of all collected a-s angle pairs. In addition, the a-s angle pairs sampled from 10 arbitrarily selected proteins are overlaid as points over the contour of the general a-s density distribution. The red triangles represent the a-s angle-pairs in a-helices, the blue squares in b-sheets, and the black dots in other type of secondary structures. In total 1,756 scattered points for the sampled structures (PDB ID: 1TJY, 1UJP, 1WCK, 2BOG, 2DSX, 2E3H, 2FG1, 2O8L, 2P4F, 3IIS) are shown, of which 1,566 points (*89.2%) are in Allowed regions, 1,319 points (*75.1%) in Favoured regions, and 901 points (*51.31%) in Most Favoured regions. Table 2 shows the percentile of a-s angle pairs in Allowed, Favoured, and Most Favoured regions for each of the 10 sampled protein structures. Most of these proteins, especially the proteins with more helical structures such as 3IIS, have high percentages of points in these regions, but 2E3H, with no helical structures, is an exception.
The density distribution contour of s-b angle-pairs is plotted in Fig. 17 . The contour is displayed in three types of regions named as Most Favoured, Favoured, and Allowed regions, each containing high 50, 75, and 90% of all collected s-b angle pairs. In addition, the s-b angle pairs sampled from the same 10 arbitrarily selected proteins are plotted as points on top of the contour of the general s-b density distribution. The red triangles represent the s-b angle pairs in a-helices, the blue squares in b-sheets, and the black dots in other type of secondary structures. In total 1,756 scattered points from the same sampled structures are shown, of which 1,567 points (*89.8%) are in Allowed regions, 1,338 points (*76.2%) in Favoured regions, and 941 points (*53.59%) in Most Favoured regions. Table 3 gives the percentile of s-b angle pairs in Allowed, Favoured, and Most Favoured regions for each of 10 sampled protein structures. Most of these proteins, especially the proteins with more helical structures, have high percentages of points in these regions, while proteins 2E3H and 1WCK with more sheets have lower percentiles of points in these regions than average.
The density distribution contour of a-b angle-pairs is plotted in Fig. 18 , with regions also named as Most favoured, Favoured, Allowed, each corresponding to high 50, 75, 90% of all collected a-b angle pairs. In addition, the a-b angle pairs sampled from the 10 arbitrarily selected proteins are plotted as points on top of the contour of the general a-b density distribution. The red triangles represent the a-b angle-pairs in a-helices, the green squares in b-sheets, and the black dots in other type of structures. In total 1,756 scattered points for the same sampled structures are shown, of which 1,681 points (*95.7%) are in Allowed regions, 1,608 points (*91.6%) in Favoured regions, and 645 points (*36.73%) in Most Favoured regions.
The density distribution contour of s 1 -s 2 angle pairs is plotted in Fig. 19 , with regions again named as Most favoured, Favoured, Allowed, each corresponding to high 50, 75, 90% of all collected s 1 -s 2 angle pairs. In addition, the s 1 -s 2 angle pairs sampled from the same 10 selected proteins are plotted as points on top of the contour of the general s 1 -s 2 density distribution. The red triangles represent the s 1 -s 2 angle pairs in a-helices, the blue squares in b-sheets, and the black dots in other type of secondary structures. In total there are 1,737 scattered points for the sampled structures, of which 1,551 points (*89.3%) are in Allowed regions, 1,309 points (*75.4%) in Favoured regions, and 902 points (*51.93%) in Most Favoured.
Applications to structural analysis The distributions of residue-level virtual bond lengths, bond angles, and torsion angles can be used to define The density distributions of a-s and s-b angle pairs show strong correlations. Therefore, a given structure can also be evaluated by comparing its a-s and s-b angle pairs with their general distributions. A 2D plot can be obtained by positioning these angle pairs, as points, in the corresponding 2D contours of their general density distribution functions. The 2D contours have three density regions, called Most Favoured, Favoured, and Allowed, corresponding to high 50, 75, and 90% of all the angle pairs in the surveyed structures. A structure is considered to be well-formed in terms of its a-s (or s-b) angle pairs if the percentiles of the a-s (or s-b) angle pairs falling in the corresponding density regions are close to their general distributions. Figures 20, 21, 22 , 23, 24, and 25 show how the statistical potentials and the angle correlation plots can be used for structural analysis, for example, how they can be used effecively for distinguishing a well-resolved structure from a poorly determined one. In these figures, we see that the energy distributions along the residue sequences for two structures of different resolutions are clearly different. The potential energies for the better resolved structure are lower in average. The distributions of the a-s or s-b angle pairs of the structures show even greater contrast. The better resolved structure has many more angle pairs distributed in the high density regions of the corresponding angle distribution contour, while the poorly resolved structures have many angle pairs falling outside of these high density regions.
More specifically, in Fig. 20 , we show the energy levels of virtual bond lengths of two structures, 1PHY and 2PHY. They are two structures determined at two different times for the same photoreactive yellow protein. 1PHY has a lower quality (2.4 Å ) now replaced by 2PHY with 1.4 Å resolution. As we can see, the better-resolved structure (2PHY) has certainly lower virtual bond energies in average than the poorly determined one (1PHY). In Fig. 21 , we see the energy levels of the virtual bond angles of the structures. Again, the better-resolved structure (2PHY) has lower virtual bond angle energies than the poorly determined one (1PHY).
In Fig. 22 , we show the a-s correlation plots for structures 1PHY versus 2PHY. The plot for 1PHY has only 51.22, 28.46, and 10.57% angle pairs in Allowed, Favoured, and Most Favoured regions, respectively, while 2PHY has 93.44, 76.23, and 45.9% angle pairs in these regions. In Fig. 23 , we show the s-b correlation plots for structures 1PHY versus 2PHY. The plot for 1PHY has only 58.54, 33.33, and 13.82% angle pairs in Allowed, Favoured, and Most Favoured regions, respectively, while 2PHY has 95.9, 75.41, and 47.54% angle pairs in these regions.
In Fig. 24 , we further show the a-s correlation plots for structures 1PTE versus 3PTE for the same DD-peptidase penicillin-target enzyme. 1PTE has a resolution of 2.8 Å now replaced by 3PTE with 1.6 Å resolution. The plot for 1PTE has only 45.87, 28.75, and 14.68% angle pairs in Allowed, Favoured, and Most Favoured regions, respectively, while 3PTE has 89.24, 73.84, and 49.13% angle pairs in these regions. In Fig. 25 , we show the s-b correlation plots for structures 1PTE versus 3PTE. The plot for 1PTE has only 55.35, 33.33, and 14.68% angle pairs in Allowed, Favoured, and Most Favoured regions, respectively, while 3PTE has 89.24, 77.03, and 52.33% angle pairs in these regions. These results demonstrate that the a-s and s-b correlation plots can clearly be used to distinguish between high and low-quality structures, and may be extended for use in practice as residue-level Ramachandran Plots for structural analysis and refinement.
Discussion
The statistical distributions of residue-level distances and angles in known protein structures provide a valuable source of information for estimating these residue level structural properties of proteins, which are not otherwise accessible experimentally. However, these statistical measures rely upon the quality as well as quantity of the sampled known structures. We have downloaded around one thousand high-quality structures from the PDB Data Bank, which should be sufficient to obtain reliable statistical estimates of the distributions of virtual bond lengths, virtual bond angles, virtual torsion angles, and some of their correlations, but of course there is the possibility that for some cases of specific residue sequences, the values might deviate from the overall characteristic distributions. In our software PRESS, we have provided information about the size of the data set for each estimate. One of the most important results from this study shows that residue-level angles, especially the neighboring virtual bond angles and virtual torsion angles, exhibit strong correlations. For example, if a virtual bond angle is fixed, then the choice for the virtual torsion angle adjacent to it will be highly restricted. Such a correlation is similar to the correlation shown in Ramachandran Plots between the backbone atomic u-w torsion angles, and can be equally important for understanding the structural properties of proteins at their residue-levels and even for evaluating the quality of individual structures. However, as we have shown, the correlations between two virtual bond angles, when separated by one virtual torsion angle, are not so strong, and so are the correlations between two virtual torsion angles, when separated by one virtual bond angle. The reason may be due to the fact that at residue-level, The background plots are the contours of the general density distributions of s-b angle pairs coloured with different levels of density to indicate high 50% (most favoured), 75% (favoured), and 90% (allowed) regions. The dots correspond to the s-b angle pairs for the given protein structures. The plot for 1PHY has only 58.54, 33.33, and 13.82% angle pairs in allowed, favoured, and most favoured regions, respectively, while 2PHY has 95.9, 75.41, and 47.54% angle pairs in those regions Statistical measures on residue-level protein structural properties 131 these angles are relatively further apart and therefore behave more independently of one another. In addition, where the angles are closely correlated, they tend to have smaller deviations when they are in a-helices than in b-sheets. This implies that even at the residue-level, a-helices are more rigid (or stable) than b-sheets.
We have demonstrated that the statistical distributions of the residue-level distances or angles can be used to define various statistical potentials, but further refinements are required to make them computationally and physically meaningful. For example, the potentials for virtual bond lengths of different pairs of residues, or for virtual bond angles of different triplets of residues, or for virtual torsion angles of different sequence quadruplets of residues, need to be scaled appropriately before they can be combined. These are only potentials for short-range interactions. In Fig. 24 a-s correlation plots for 1PTE (2.8 Å ) and 3PTE (1.6 Å ). The background plots are the contours of the general density distributions of a-s angle pairs coloured with different levels of density to indicate high 50% (most favoured), 75% (favoured), and 90% (allowed) regions. The dots correspond to the a-s angle pairs in the given protein structures. The plot for 1PTE has only 45.87, 28.75, and 14.68% angle pairs in allowed, favoured, and most favoured regions, respectively, while 3PTE has 89.24, 73.84, and 49.13% angle pairs in those regions Fig. 25 s-b correlation plots for 1PTE (2.8 Å ) and 3PTE (1.6 Å ). The background plots are the contours of the general density distributions of s-b angle pairs coloured with different levels of density to indicate high 50% (most favoured), 75% (favoured), and 90% (allowed) regions. The dots correspond to the s-b angle pairs for order to define a relatively complete energy function for a protein, potentials for long-range interactions also must be included.
The useful tool from this study is a residue-level Ramamchandran-type of plot for correlations between pairs of neighboring virtual bond angles and virtual torsion angles. Several examples have been given in the present paper, but these differ from the atomic-level Ramachandran Plot in an important way, because the density distribution contours of these residue-level angles show relatively larger deviations. Thus their use requires specifying more precisely what density regions should be permitted for high-quality structures. Further evaluations are needed to decide generally what these evaluation criteria should be.
Conclusions
The atomic-level structural properties of proteins, such as bond lengths, bond angles, and torsion angles, have been thoroughly studied and understood based on either chemistry knowledge or statistical analysis. Similar properties at the residue-level, such as the distances between two residues and the angles formed by short sequences of residues, can be equally important for structural analysis and modelling, but these have not previously been examined and tabulated as carefully and thoroughly. While these properties are difficult to measure experimentally, they can be estimated statistically based on observed distributions in known proteins structures, as demonstrated in this paper.
In this paper, we have conducted a statistical analysis of protein residue-level local structural properties. A software package was built, and this provides direct access to the statistical data for these properties including correlations among them. The distributions of residue distances and angles may vary with varying residue sequences, but in most cases, these are concentrated in some high probability ranges, which correspond to their frequent occurrences in either a-helices or b-sheets in proteins. Strong correlations among neighbouring residue angles, similar to those between neighbouring torsion angles at the atomic-level, are revealed based on statistical measures. Residue-level statistical potentials can be defined using the statistical distributions and correlations of the residue distances and angles. Ramachandran-like plots for strongly correlated residue angles are plotted and analyzed. Their applications for structural evaluation and refinement are demonstrated.
With the increase in both the number and quality of determined protein structures, many structural properties can be derived from known protein structures with statistical analysis and data mining, and then be used as a supplement to experimental data for refining or evaluating structures. Indeed, the statistical measures of various types of residue distances and angles afford systematic and quantitative assessments on these properties. Their distributions and correlations in known protein structures inform us about the important limitations of conformations of proteins and can even offer some insights into how proteins fold or change their conformations.
Methods
Selection of known protein structures 1,052 X-ray crystallography structures were downloaded from the PDB Data Bank [21] , with resolution B 1.5 Å , sequence similarity B30%, and only single chains. NMR structures are excluded since they are usually represented as ensembles of structures, with part of the structure being built from computational modelling, which would introduce uncontrollable biases into our evaluations. We could have selected a representative structure from each ensemble, say the average or energy minimized one [22] , but we decided to use only X-ray crystallography structures in this work. By limiting the resolution to be 1.5 Å or better, the structures are guaranteed to be quite accurate but yet have sufficient numbers of structures for conducting statistical analysis. By excluding proteins having sequence similarity above 30%, redundancies are removed, and structures are less likely to be repeated and hence over sampled. Multichain structures are often multi-copies of single chains, and are also excluded as well to avoid the duplication in the data.
Calculation of residue distances and angles
The position of the Ca atom is used to define the position of a residue. The distance between two Ca atoms is used to represent the distance between two residues. We call the distance between two neighboring residues a virtual bond. Two connected virtual bonds, sharing the central residue, form a virtual bond angle. Three connected virtual bonds make a torsion angle-a virtual torsion angle (Fig. 2) . We also call the distance between the two adjacent residues in a sequence the residue-level 1-2-distance, between the first and third a residue-level 1-3-distance, the first and fourth a residue-level 1-4-distance, and so forth. Three residues in sequence form a virtual bond angle. Four residues in sequence have two virtual bond angles with a virtual torsion angle between them. We identify these as a, s, b, respectively, where s is the virtual torsion angle. Five residues in sequence have three virtual bond angles with two virtual torsion angles separating them. We call them a, s 1 , b, s 2 , c angles, respectively, where s 1 and s 2 are the virtual torsion angles.
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For each of the downloaded structures, there are n -1 pairs of neighboring residues (R i , R i?1 ), i = 1,…, n -1, or virtual bonds, where n is the total number of residues in the structure; similarly, there are n -2 sequences of three residues (R i , R i?1 , R i?2 ), i = 1,…, n -2, or virtual bond angles and n -3 sequences of four residues (R i , R i?1 , R i?2 , R i?3 ), i = 1,…, n -3, or virtual torsion angles, and n -4 sequences of five residues (R i , R i?1 , R i?2 , R i?3 , R i?4 ), i = 1,…, n -4. For each of the downloaded structures, the residue-level 1-2-distances for all n -1 neighboring residue pairs, the residue-level 1-3-distances for all n -2 sequences of three residues, and the residuelevel 1-4-distances for all n -3 sequences of four residues are calculated and accumulated in three separate files. For all n -2 three-residue sequences, their virtual bond angles are calculated and saved. For all n -3 four-residue sequences, their a, s, b angles are calculated and tabulated. 
Calculation of distance and angle distributions
For any two-residue sequence, the sequence together with their corresponding 1-2-distances from all the downloaded structures can be found in the residue-level 1-2-distance files. Similarly, for any three-residue sequence, the same sequence and its 1-3-distances from all the downloaded structures can be found in the residue-level 1-3-distance files; and for any four-residue sequence, this sequence and its 1-4-distances from all the downloaded structures can be found in the residue-level 1-4-distance files. For each of these distance types, a density distribution of the distances can be found with the collected distances. A distance interval is divided into small bins. The density distribution of a distance in any of these bins is defined as the number of distances in that bin divided by the total number of distances in the distance interval (see Fig. 3 ).
For any three-residue sequence, its corresponding virtual bond angles from all the downloaded structures can be found in the bond angle files. Similarly, for any four-residue sequence, the same sequence and its virtual torsion angles occurring in all the downloaded structures can be found in the virtual torsion angle files. For each of these angle types, a density distribution of the angles can be found using the collected angles. A 180°angle interval is divided into small bins for the virtual bond angles, and a 360°angle interval is divided into small bins for the virtual torsion angles. The density distribution of an angle in any of these bins is defined as the number of angles in that bin divided by the total number of angles in the angle interval (see Figs. 8, 12 ).
Calculation of angle-angle and angle-distance correlations
All four-residue sequences and their a-s-b angles in all the downloaded structures can be found in the virtual torsion angle files. The density distribution of the a-s-b angles can be found by using the collected angle sequences. The 180°a ngle interval for a is divided into small bins. A 360°angle interval for s is divided into small bins. A 180°angle interval for b is divided into small bins. Multiply these intervals to form a subspace [0°, 180°] 9 [0°, 360°] 9 [0°, 180°] in R 3 , which is divided into small boxes. The density distribution of a sequence of a-s-b angles in any of these boxes is defined as the number of the angle sequences in that box divided by the total number of the angle sequences in the entire angle subspace.
All five-residue sequences and their a-s 1 -b-s 2 -c angles in all the downloaded structures can be found in the virtual torsion angle files. The density distribution of s 1 -b-s 2 angles can be found by using the collected angle sequences. A 360°angle interval for s 1 is divided into small bins. A 180°angle interval for b is divided into small bins. A 360°angle interval for s 2 is divided into small bins. Multiplying these intervals together forms a subspace [0°, 360°] 9 [0°, 180°] 9 [0°, 360°] in R 3 , which is divided into small boxes. The density distribution of a sequence of s 1 -b-s 2 angles in any of these boxes is defined as the number of the angle sequences in that box divided by the total number of the angle sequences in the entire angle subspace.
Two special density distributions are calculated: the density distributions of the a-s angles and the s-b angles in the a-s-b angle sequences. These are simply the projections of the a-s-b density distribution on the a-s and s-b subspaces, but they demonstrate more clearly the correlations of the angles. The density distribution of a-b angle pairs in a-s-b angle sequences and s 1 -s 2 angle pairs in s 1 -b-s 2 angle sequences have also been calculated. All these density distributions are plotted in a 2D plane for the corresponding two angles (see Figs. 16, 17, 18, 19) .
For all three-residue sequences, their virtual bond angles and corresponding 1-3-distances from all the downloaded structures can be found in the virtual bond angle files and the residue-level 1-3-distance files. The correlations between the virtual bond angles and their corresponding 1-3-distances can be demonstrated using the density distributions of the virtual bond angles compared to their corresponding 1-3-distances in an angle-distance space. An 180°angle interval is divided into small bins for the virtual bond angles. A 20 Å distance interval is divided into small bins for the corresponding 1-3-distances. Multiply the angle interval with the distance interval to obtain the subspace [0°, 180°] 9 [0, 20 Å ] in R 2 . The subspace is divided into small squares. The density of the angle-distance pairs in each of these squares is defined as the number of the angle-distance pairs in that square divided by the total number of angle-distance pairs in the entire angle-distance subspace (see Fig. 11 ).
For all four-residue sequences, their virtual torsion angles and corresponding 1-4-distances in all the downloaded structures can be found in the virtual torsion angle files and the residue-level 1-4-distance files. The correlations between the virtual torsion angles and their corresponding 1-4-distances can be demonstrated using the density distributions of the virtual torsion angles versus their corresponding 1-4-distances in angle-distance space. A 360°angle interval is divided into small bins for the virtual torsion angles. A 20 Å distance interval is divided into small bins for the corresponding 1-4-distances. Multiply the angle interval with the distance interval to obtain a subspace [0°, 360°] 9 [0, 20 Å ] in R 2 . Then the subspace can be divided into small squares. The density of the angledistance pairs in each of these squares is defined as the number of the angle-distance pairs in that square divided by the total number of angle-distance pairs in the entire angle-distance subspace (see Fig. 15 ).
Definition of residue distance and angle potentials
The density distribution functions for the virtual bond lengths, virtual bond angles, and virtual torsion angles are approximated with Gaussian kernels. . With these potential energy functions, the distributions of the virtual bond length potentials, virtual bond angle potentials, and virtual torsion angle potentials can be calculated and displayed for a given structure over its residue sequence (see Figs. 20, 21 ).
Display of residue angle correlations of a structure
The contours of density distributions of a-s and s-b angle pairs are plotted in 2D a-s and s-b angle planes. Regions of different densities are outlined with colours of different gradients. They are defined as Most Favoured, Favoured, and Allowed, corresponding to regions of high 50, 75, and 90% density, respectively. The a-s or s-b angle pairs for every sequence of four residues of a given structure can be computed and plotted in the a-s or s-b plane, on top of the contour of the general a-s or s-b density distribution function. The structure is considered to be well formed in terms of its virtual bond angles and virtual torsion angles if the percentiles of the plotted dots in the corresponding density regions of the contour are close to the general distributions of the angle pairs in these regions (see Figs. 22, 23, 24, 25 ).
Additional files
PRESS: an R-package for calculating protein residue-level structural statistics PRESS is a software package developed in R for computing and analyzing protein residue-level structural properties such as the statistical distributions and correlations of residue-level virtual bond lengths, virtual bond angles, and virtual torsion angles in protein structural databases. Currently the software can be installed in R and executed with graphics interface as shown in Fig. 26 . On the interface window, there are six panels to choose, each corresponding to a functional routine in PRESS. The following are simple descriptions of these functional routines: 
